Soot is known to cause high wear in engine components and this is a problem with engine oils between extended drain intervals. Although several wear mechanisms have been suggested, exact soot-induced wear mechanisms are still not fully understood. This study aims to investigate the additive adsorption mechanism (specifically anti-wear additive) on carbon black (CB) particles (as a soot surrogate). This mechanism is one of the main mechanisms responsible for high wear. Base oil (BO) was used to exclude the effect of other additives that are present in fully formulated oil. Zinc dialkyldithiophosphate (ZDDP) anti-wear additive was added to the BO and then the mixture, which will be referred to as the model oil, was aged with CB particles. The resulting oils were then chemically characterised by using ICP and FTIR analysis techniques. Finally, the CB particles were filtered out and analysed using EDX. The results showed that both zinc and phosphorous which are chemical elements from ZDDP anti-wear additive were adsorbed on CB particles in the oil phase. This additive adsorption mechanism can lead to increased wear in the engine components due to lack of additives in the oil. This study highlights the importance of understanding the additive adsorption on soot particles since this mechanism will reduce the engine oil life and increase frequency of oil changes.
Introduction
Soot is known to induce high wear in engine components. The effect of soot contamination in engine oils on wear of engine components has been investigated in many studies [1] [2] [3] [4] [5] [6] . Several mechanisms such as abrasion [4, [7] [8] [9] , oil starvation [10] [11] [12] , competitive adsorption [13] [14] [15] , additive adsorption on soot [2, 5, 11, 16] and corrosive-abrasive wear [4, 6, 17, 18] have been suggested by which soot induces high wear.
The parasitic consumption of zinc dialkyldithiophosphate (ZDDP) on soot particles in diesel engine oils is known to occur but the extent of it is not fully understood. This effect of soot is in addition to its abrasion characteristics [19] and recently proposed corrosive-abrasive mechanism [6, 17] . Soot has a tremendous surface activity, so it entraps the effective ZDDP decomposition products and results in severe wear [20] .
In 1981, Rounds [2] proposed an adsoprtion theory in which soot particles adsorb the decomposition products of anti-wear additives. Therefore, the concentration of the additives in the oil reduces, leading to high wear [2, 11] . Consequently, less anti-wear additives adsorb at the contact interface to form anti-wear films. This reduces the oil's ability to protect the surfaces because prior to the formation of a tribofilm, soot adsorbs the anti-wear additives.
Hosonuma et al. [16] also showed that soot preferentially adsorbs zinc-containing compounds and very low amount of phosphorous compounds. They agreed with the Rounds theory of additive adsorption (particularly zinc) on soot. It was shown [16] that zinc concentration decreased dramatically from 930 to 20 ppm in BO + 1 wt% ZDDP in the presence of 2 wt% soot, while there was a little change in phosphorus and almost no change in sulphur concentration [16] . They also reported [16] a 48% increase in the zinc content of soot particles. However, they believed that the oils could still perform with the remaining phosphorus compounds within the oils. Gautam [21] also agreed with Rounds' adsorption theory. However, Berbezier [14] stated that the adsorption of ZDDP additives on CB particles does not seem to be an important factor contributing to high wear. They showed [14] that none of the ZDDP elements can be detected on the CB particles. They believed that the adsoprtion strength is very weak.
From the literature, it can be concluded that there is no consensus on the adsorption of anti-wear additive, i.e. ZDDP, on carbon black (CB) particles. This research aims to focus on the adsoprtion of additives on CB particles in the oil phase. It also aims to quantify the amount of additives adsorbed on the CB particles at various CB levels and different oil ageing times. This study for the first time highlights the link between the amount of CB in the oil and additive adsorption.
Experimental Methodology

Materials and Analytical Techniques
Base oil and Anti-wear Additive
A base oil (BO), hereafter referred to as BO, was used to exclude the effect of other additives that are present in fully formulated oils. The BO tested was a Group III mineral oil. A secondary ZDDP anti-wear additive was also used in this study in order to create a series of model oils. The additives and the mineral BO were sourced from Total Raffinage, Solaize, France. Table 1 shows the different levels of ZDDP concentration in the BO used for the experiments in this study. A hot plate and a stirrer were used to mix the ZDDP with the BO at 60 °C for 30 min. Some of the ZDDP concentrations used in this study are higher than the standard ZDDP concentrations in fully formulated oil (FFO). However, these oils were only used for calibration purposes in this study.
Oil Analysis
In this study, Fourier Transform InfraRed spectroscopy (FTIR) was used to identify the chemical composition in bulk oils during the ageing process and adsorption test. A Perkin Elmer FT-IR spectrometer within the range of 650-4000 cm −1 was used and the resolution of collected spectra was 4 cm −1 . Figure 1 shows the FTIR spectra of the BO and ZDDP used in this study. These three main peaks, which are from the base stock hydrocarbons, were present in both BO and ZDDP. IR bands between 2850 and 3000 and 1385-1500 cm −1 are attributed to alkyl C-H stretching and C-H bending, respectively. The peak at 722 cm −1 is also attributed to alkyl chains [22] . The peak region from 950 to 1020 cm −1 in ZDDP is the most relevant to this study. Within this region, strong bands associated with P-O-(C) vibrations in ZDDP are adsorbed [23] . This peak is the main difference between the BO and ZDDP spectra. Figure 2 shows FTIR spectra of the model oils containing different concentrations of ZDDP in the region of 950-1020 cm −1 . It can be clearly seen that the P-O-(C) peak appears by adding ZDDP to the BO. The intensity of this peak increased as more ZDDP concentration added to the BO. The areas of these peaks were also calculated to quantify the change in intensity by adding higher ZDDP concentration in BO. Figure 3 shows the peak area in the region of 950-1020 cm −1 against different ZDDP concentrations in BO. It can be seen that there is an increase in the peak area by adding higher ZDDP concentration. This is a linear relationship between adding ZDDP and increase in the intensity of P-O-(C). Thus, FTIR is a reliable method to determine the presence of ZDDP in oil. It is also worth noting that it was difficult to calculate the area of P-O-(C) peak for low concentration of ZDDP (0.5 wt%) (Fig. 2 ), as the difference is within the data variation of the FTIR technique.
Carbon black particles
A commercially available Monarch 120 carbon black (Cabot Corporation, Massachusetts, USA) was used to simulate engine soot in this study. Although CB is not the exact replicate of engine soot, it is an ideal surrogate for soot since it allows repeatable experiments to be carried out and reliable data to be obtained. The Monarch 120 has been previously used in other studies and showed consistent results [24] . The individual CB particles used in this study were approximately 50 nm in diameter. The rounded particles were agglomerates of smaller particles and were 100-200 nm in size [6] . The hardness of CB particles has been reported [25] to be comparable to engine metal hardness. Considering that the chemical nature of CB and soot is very similar, it has been assumed that adsorption behaviour of CB and soot will be similar too.
The Adsorption Test of ZDDP on CB Particles
In the current study, all experiments were conducted using 1 wt% ZDDP in BO which is a realistic ZDDP concentration in the oil. The CB adsorption test scheme is shown in Fig. 4 . These adsorption experiments were conducted to investigate the adsorption of ZDDP decomposition products on CB particles. Two different CB levels, 1 and 5 wt%, were added to the oil using stirrer and hot plate for 30 min at 60 °C. Then, the oil samples were aged for 2 and 96 h. The oil ageing was conducted artificially in the lab in accordance to the method explained in the previous studies [5, 26, 27] . Centrifugation was used to separate CB particles from the model oil prior to ICP measurement. The aged oil samples were centrifuged at 12,000 rpm for 2 h to separate CB particles from the oil.
ZDDP Concentration in Oil
Inductively Coupled Plasma (ICP) is an instrumental technique capable of performing chemical analysis on given samples, to within parts per trillion accuracy. ICP was used in this study to measure the concentration of ZDDP additive in the oils after mixing/ageing with CB particles. It is worth mentioning that the oil samples were centrifuged prior ICP analysis to remove CB particles. All ICP analyses were conducted by Millers Oils, Brighouse, UK. Figure 5 indicates the zinc concentration in the BO after blending process using ICP. The BO had no additives and therefore ICP analysis showed no Zn element in BO (marked as zero in the graph). Thus, all the zinc concentration came from the ZDDP additive. It can be seen that there was a Both ICP and FTIR analyses indicated that these methods are appropriate to measure the level of ZDDP in the oil and to confirm ZDDP decomposition during the ageing process.
Carbon Black Particle Analysis
Energy dispersive X-ray (EDX) spectrometer was used in this study to provide information about the chemical composition of CB particles after being exposed to ZDDP additive. CB particles were removed from oil using centrifugation and dried in the oven for 24 h. EDX was carried out on ten different spots to check the uniformity of the compositions. Figure 6 shows the images of aged oils after removing the CB particles using centrifuge. From Fig. 6 , it can be seen that the oil samples are still clear and there is no sign of CB particles after 2 h of ageing and centrifuging. Therefore, FTIR analysis was conducted in order to check the presence of CB in oils after centrifugation. In FTIR analysis, the region around 2000 cm −1 is generally used [28] to determine the level of soot in the oil. The presence of soot in the oil causes a shift in the baseline of the spectrum because of absorption and scattering of light which can be clearly detected at 2000 cm −1 . Figure 7 shows that there is no shift on the baseline around 2000 cm −1 . Thus, these results confirm that all the CB particles were completely removed from the oil and the centrifugation was an appropriate method to separate the CB particles from the BO before ICP analysis.
Results and Discussion
Oil Degradation in Presence of CB
FTIR confirmed that there is no CB left in the oil after centrifugation. Therefore, the dark colour observed on aged oils after 96 h shows that the oils experienced some level of degradation, suggesting the chemical modifications of the oil. Figure 8 shows that the oxidation peak at 1720 cm −1 appeared for 96-h aged oil samples, which indicates that the oil samples have gone through a degradation process. This change in colour was not seen after 2 h of ageing process. Further analyses such as FTIR and ICP were conducted on both oil samples to investigate additive decomposition during ageing process. Moreover, EDX analysis was conducted on CB particles to investigate additive adsorption on CB particles. 6 Aged oils (BO + 1 wt% ZDDT) containing 1 and 5 wt% CB. The oils were aged for 2 and 96 h. The images were taken after removal of CB particles using the centrifuge Figure 8 shows the FTIR spectra of aged oils (BO + 1 wt% ZDDP) in the presence of 1 and 5 wt% CB particles after 2 and 96 h of ageing process. As mentioned above, CB particles were removed from the oil using the centrifuge before FTIR analysis. Results showed that the P-O-(C) peak around 950-1020 cm −1 was still present after 2 h of ageing. However, this peak, P-O-(C), disappeared after 96 h of ageing regardless of CB concentration. Figure 9 shows the area of P-O-(C) peak around 950-1020 cm −1 for oils containing 1 and 5 wt% CB after 2 h of ageing. In the presence of CB (both 1 and 5 wt%), the area of P-O-(C) peak reduced compared to the fresh oil. However, there is still sign of ZDDP in the oils suggesting that additive adsorption has partially occurred after 2 h of ageing. Moreover, higher concentration of CB in oil further decreased the peak area. This can be explained by higher numbers of CB particles and more surface area of particles to adsorb ZDDP additives.
As shown in Fig. 8 , the P-O-(C) peak did not appear after 96 h of ageing, and thus the area of peak was not calculated for these samples. These results suggest that the ZDDP additives were mostly either adsorbed on CB particles or depleted after 96 h of ageing.
The aged oil samples were further analysed using ICP to investigate the zinc concentration from ZDDP additive after removing the CB particles. Table 2 shows the zinc concentration in the aged oil samples in the presence of 1 and 5 wt% CB particles. It can be seen that the fresh oil contained 640 ppm zinc. The aged oil with 1 wt% CB particles after 2 h of ageing showed slightly lower amount of zinc. However, adding more levels of CB particles, i.e. 5 wt%, reduced the zinc concentration significantly by approximately 55% after 2 h of ageing. This shows that additive adsorption on CB particles partially occurred at high levels of CB, 5 wt%, after 2 h of ageing. These results are in line other studies [16] showing that zinc content decreased appreciably with soot contamination. After 96 h of ageing, no zinc remained in both samples regardless of CB concentration. These results indicate that as the ageing time increased more additives were adsorbed on the CB particles. FTIR results in Fig. 8 showed signs of oil degradation after 96 h of ageing (1720 cm −1 ); therefore, the reduction in zinc concentration can also be related to the additive depletion after 96 h of ageing.
To further investigate the additive adsorption on CB particles, EDX analysis was conducted on CB particles. The extracted CB particles from the aged oils were dried in an oven at 60 °C for 24 h to enable the EDX analysis to be undertaken. This technique was used to confirm the existence of ZDDP elements such as zinc and phosphate on CB particles after ageing. EDX data were also obtained from fresh (i.e. unused) CB Monarch 120 particles for comparison. Results of EDX spectrum showed that Monarch 120 particles were mainly composed of carbon (93 at.%), oxygen (6 at.%) and a very low level of sulphur (0.3 at.%). Table 3 shows the EDX spectra of CB particles removed from aged oils containing 1 and 5 wt% CB. From the results, it can be clearly seen that the CB particles from adsorption tests consist of zinc and phosphorous. However, there is no significant change in sulphur content of CB particles which is in line with previous studies [16] . Thus, it can be concluded that zinc and phosphorous from ZDDP additives adsorb on the CB particles. Hosonuma et al. [16] also showed that ZDDP decomposed quickly during the engine test and adsorbed on the soot particles. However, they showed [16] that mainly zinc, but very few phosphorous compound, adsorb on soot. Thus, they believed [16] that with the phosphorus compounds remaining in the oil, oil can still perform and protect the surfaces. However, the results from the current study provide evidence that high amount of phosphorous compound adsorb on the CB particles.
Moreover, as the ageing time increased from 2 to 96 h, higher concentration of zinc and phosphorous were observed on the CB particles. This is due to the thermal decomposition of ZDDP additives during the ageing process [29] . Zhang et al. [30] showed that the ageing process accelerated at high temperature and resulted in the higher formation of decomposition products. Ferguson et al. [29] also showed that thermal decomposition of ZDDP occurs at temperatures as low as 150 °C.
ZDDP decomposes to Zn and P compounds during the ageing process. As a result, these compounds interact with CB particles. EDX results confirmed that these compounds were adsorbed on CB particles in the oil phase during ageing the oil. These results are also in line with FTIR results which showed that the intensity of P-O-C peak reduced as ageing time increased.
The results from this study confirm that ZDDP decomposition compounds interact with CB particles. As a result of additive adsorption on CB particle, the amounts of additives in the oil phase reduce and affect the performance of oil. This study also showed that the higher concentration of CB led to more additive adsorption due to more and larger active surface area of CB particles. It is worth nothing that the model oil (BO + ZDDP) was used in this study in order to focus on the interaction between anti-wear additive and CB particles only. The authors have conducted another research [5] using FFO which showed that the anti-wear additive adsorption on CB particles occurred. However, soot can also adsorb other additives such as detergents and dispersants in the engine oil. Further study is required on the interaction between soot and other additives in FFO.
Conclusions
The adsorption of ZDDP decomposition products on CB particles was investigated in this study. CB particles are polar in nature and have a significant surface activity. The experimental results in this study demonstrated that the ZDDP additive adsorption on CB particles occurs. Previous studies [2, 16] only confirmed the adsorption of zinc on CB particles. However, in the current study it was experimentally shown that not only zinc but also phosphorous from ZDDP adsorbs on the CB particles in the oil phase. This mechanism will reduce oil's ability to form anti-wear tribofilm and protect surfaces leading to high wear. This information will help oil manufacturer to consider the interaction between anti-wear additive and soot contamination in engine oil's formulation in order to improve oil's performance in the presence of CB. It was also shown that additive adsorption of ZDDP on CB particles depends on test conditions such as CB concentration and ageing time of the oil. Higher concentration of CB increases the probability of the additive adsorption on CB particles. This can be related to the higher surface area of CB with higher levels of CB in oil which leads to more additive adsorption. Also, longer ageing process leads to higher additive adsorption on CB particles due to decomposition of ZDDP additive during longer ageing hours of the oil.
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